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Abstract
A new method used to calculate the neutrino for all major tau hadronic decay event by event at the LHC is presented. It is possible
because nowadays better detector description is available. With the neutrino fully reconstructed, matrix element for each event
can be calculated, the mass of the Higgs particle can also be calculated event by event with high precision. Based on these, the
prospect of measuring the Higgs CP mixing angle with h → ττ decays at the LHC is analyzed. It is predicted that, with a detailed
detector simulation, with 3 ab−1 of data at
√
s = 13 TeV, a significant improvement of the measurement of the CP mixing angle to
a precision of 5.2◦ can be achieved at the LHC, which outperforms the sensitivity from lepton EDM searches up to date in the hττ
coupling.
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1. Introduction
To account for the large asymmetry between the matter and
anti-matter in our Universe, enough CP violation effects should
be presented in the theory. However, in the Standard Model,
the CP phase in the CKM matrix is not sufficient for this pur-
pose. New physics is therefore needed to introduce more CP vi-
olation sources. Possible candidates are Supersymmetry, Left-
Right Symmetric model, etc.
On the other hand, the new discovered Higgs boson also
opens a window towards the new physics. The precision mea-
surement of Higgs properties will be one of the most important
targets of the LHC in the next running periods. Among them,
the CP property is an important topic. The pure CP eigenstate
assumption has already been investigated at the LHC experi-
ments [1–3] in the diboson decays, and the pure CP-odd situa-
tion is excluded better that 99.9% CL. The h→ ZZ∗ → 4l is the
golden channel for this measurement, subject to the scale sup-
pression due to dim-6 operators, whereas for the Yukawa cou-
pling, h→ ττ is the best channel we could use and is widely in-
vestigated in the literatures [4–23]. However, the missing neu-
trino from the decay of each tau makes it difficult to achieve
a better precision on measuring the CP mixing angle (φ) of the
hττ interaction which we assume to have the following effective
form:
L = −yττ(cos φ + iγ5 sin φ)τh, (1)
In this work, utilizing the mass constraints and impact pa-
rameters, the new method in [5] to reconstruct neutrinos with
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impact parameters and resolutions taken into account is used,
which is combined with the matrix element in the LHC setting
for the first time. With the momentum of the neutrino from
the tau decay fully reconstructed within certain accuracy, an
observable based on the matrix element to retrieve the CP in-
formation in the hττ interaction can be calculated, which can
achieve higher precision as it contains more information in the
final states integrated in the matrix element. Under this frame-
work, all major tau hadronic decay modes are included and
combined in this work simultaneously, which gives the impor-
tant prediction on the best we can do with the Higgs CP in its
fermionic coupling at the LHC. Similar to [24], the energy-
angle correlations of the final tau lepton decay products are
used to extract the CP information. A detailed simulation study
shows that a significant improvement of the measurement of
the CP mixing angle can be achieved. The method is illustrated
using the measurement of CP-violation effects in hττ interac-
tion as an example, extension to other situation containing tau
decay should be straightforward and will further improve the
precision.
In this work, the track trajectory is assumed to follow a he-
lix, as opposed to an idealized straight line assumed in [18, 21].
An explicit method for neutrino reconstructions started in [23],
which used the impact parameters and track momentum to de-
fine a track plane, on which subsequent calculations are based.
On the other hand, in this work, the impact parameters d0 and z0
are used as auxiliary measurements which are related to the tau
flight direction, and there is no decay plane explicitly formed
as done in [18, 23], which suffers from impact parameters res-
olutions. For the multi-prong tau decay, no common vertex is
attempted for the multi-prongs in our method. This vertex suf-
fers from large uncertainty because not large number of tracks
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ar
X
iv
:1
70
8.
02
88
2v
2 
 [h
ep
-p
h]
  2
9 J
an
 20
19
are available for a precise vertex determination. In these dif-
ferent aspects, the method in [5] is considered new, and is first
applied to hadron collider settings in this work with the helix
shape simulated for tracks by DELPHES 3.4.0 [35].
To probe the Higgs CP angle, a sample of events with high
signal purity are needed. Therefore, the analysis is carried out
in the Vector-Boson-Fusion (VBF) production mode of Higgs,
as opposed to the gluon-gluon-Fusion mode used in [19] and
other places, whose signal to background ratio is much worse
than VBF [25, 26]. This choice is also in line with [4].
2. Reconstruction of the neutrino at the LHC
We will first describe the simulation detail for the measure-
ment of CP-violation effects in hττ interaction and then illus-
trate our method in this situation in detail.
2.1. Monte-Carlo Simulation of the signal and background
processes
The VBF channel will be used for the Higgs production, as
already been investigated in [4, 27], it is the most promising
production channel for CP analysis. Although the gluon-gluon
fusion is the dominant production channel for the Higgs at the
LHC, it has larger background and lower signal purity, which
will impact a lot the measurement of the CP property 1. Only
major hadronic decay modes for two taus from Higgs decay
are used, while the leptonic decay mode is excluded as it con-
tains extra missing neutrino, which will induce a new unknown
parameter that is hard to construct, and the hadronic modes al-
ready have sufficient statistics [25, 26]. The main backgrounds
for this signal come from the Z production associated with ad-
ditional jets. The processes we consider are listed in following:
• Signal: p p→ h j j, h→ τ τ.
• Background: p p→ Z+0, 1, 2, 3 j, Z → τ τ (QCD Z+jets).
• Tau Decay Modes Used:
– τ± → pi±ν,
– τ± → ρ±ν→ pi±pi0ν,
– τ± → a±ν→ pi±pi±pi∓ν,
and all six combinations of the tau decay modes are used in
our analysis. The other backgrounds, mainly dominated by the
QCD, is also important [25, 26]. However, QCD fake back-
ground is beyond the scope of this work. We will just assume
the same cross section after all selection cuts as the QCD Z+jets
background for simplicity, which is roughly consistent with the
current results in [25, 26].
The VBF signal is generated with Powheg [28] at NLO
accuracy in QCD and PDF set NNPDF30NLO [29], and in-
terfaced to Pythia8 [30] for resonance decays, parton shower
and hadronization. The QCD and EW Z+jets background
1In [6], the authors use the ggF channel to check the precision of the mea-
surement. In our opinion, it can be improved by using the VBF channel.
is generated at LO with MadGraph5 [31] and PDF set
NNPDF23LO [32], with up to three extra partons. Samples
with different parton multiplicities are merged according to the
CKKW-L method [33], and showered by Pythia8. A k-factor
of 1.23 is applied to the QCD Z+jets cross section to match
the NNLO prediction [34]. The spin correlation between two
taus is retained during the decays by Pythia. The events are
afterwards passed through DELPHES simulating the detector
response of the ATLAS detector at HL-LHC [36].
The tracking range is defined to be consistent with the current
ATLAS detector (|η| < 2.5)2. The track and calorimeter resolu-
tions, the track finding and lepton identification efficiencies are
taken from the default ATLAS parameter cards in DELPHES
3.4.0. Charged tracks have an efficiency of 92% (87%) in the
|η| ≤ 1.5 (1.5 < |η| < 2.5) region. Charged hadron momen-
tum resolutions are 0.9%⊕ 1.8× 10−4pT (1.8%⊕ 2.4× 10−4pT)
for tracks in |η| ≤ 1.0 (1.0 < |η| < 2.5), where pT is in GeV
[37]. The jets are formed based on the Anti-kt algorithm [38]
with a cone parameter of 0.4 3 . The hadronic tau tagging is
performed on these jets with an efficiency of 75% (60%) and
fake rate of 4% (0.4%) for 1-prong (3-prong) real and fake tau
objects, respectively [39]. Identification of different tau decay
modes is essential, the development of tau substructure algo-
rithms [40, 41] improved the tau energy resolution by a fac-
tor of two with respect to the previous calorimeter-based algo-
rithms, and neutral pion’s energy can be resolved to 16%. In
this work, we assume that different tau decay modes can be
classified without crosstalk, and the neutral pion energy can be
resolved with 15% uncertainty for the HL-LHC period.
The impact parameters of the tracks are used to constrain the
neutrino momenta from tau decays, as used in [5]. A simple
resolution of the form a ⊕ b/(pT sin1/2 θ), where pT is in GeV
and θ is the polar angle of the track, is applied. The parameters
of a = 8 (9) µm and b = 70 (80) µm are set for tracks in
|η| ≤ 1.0 (1.0 < |η| < 2.5) for the resolutions of d0. For z0,
a = 10 (20) µm and b = 90 (200) µm are set for tracks in
|η| ≤ 1.0 (1.0 < |η| < 2.5) [37]. It is further assumed that the
resolution of the primary vertex can be precisely resolved by the
multiple tracks from the VBF jets and underlying event, and the
additional “smearing” due to interaction point uncertainty is not
considered.
2.2. Reconstruction of the missing neutrino
In each event, the two missing neutrinos contain six free pa-
rameters, while in this case the mass peak, missing energy and
impact parameter measurement can provide at least seven con-
straints which are sufficient to estimate the six free parameters
2Although in HL-LHC, it is expected that the tracking range will be ex-
tended to |η| < 4.0 with silicon trackers for ATLAS, in this work to be con-
servative, the tracking is still limited to |η| < 2.5 consistent with the current
detector layout.
3For jet energy and missing transverse energy calculations, the EM
calorimeter resolutions are parametrized as 10.1%
√
E ⊕ 0.17%E and
28.5%
√
E⊕3.50%E for |η| ≤ 3.2 and 3.2 < |η| < 4.9, respectively. The hadronic
calorimeter resolutions are 1.59 ⊕ 52.05%√E ⊕ 3.02%E, 70.6%√E ⊕ 5.00%E
and 100.0%
√
E ⊕ 9.42%E for |η| ≤ 1.7, 1.7 < |η| ≤ 3.2 and 3.2 < |η| < 4.9,
respectively. The energy E is all in GeV.
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Figure 1: The difference in η and φ between the fitted and true values for the
taus which decay via a1ν.
with some uncertainties. In this work, minimum chi-square fit-
ting is used, and each constraint will contribute one term to the
total χ2 which has the form of
χ2 =
(
mfitττ−mh
σh
)2
+
(
mfit
τ1−mτ
στ
)2
+
(
mfit
τ2−mτ
στ
)2
+(
/Efitx −/Ex
σmis
)2
+
(
/Efity −/Ey
σmis
)2
+ χ2Imp
(2)
The first three terms are provided by the mass constraints from
the Higgs mass and the two tau mass, where mh = 125 GeV,
mτ = 1.777 GeV, σh = 10 GeV, στ = 0.1 (0.2) GeV for taus de-
caying to a1ν or piν (ρν). The 4th and 5th terms come from the
missing energy measurement, where /Ex,y is the missing trans-
verse energy, σmis = 0.67
√
ΣET/GeV is its resolution. The last
term represents the constraint from the impact parameters of the
tracks, which has the form χ2Imp =
∑
i χ
2
Imp,i, with
χ2Imp,i =
dfit0 − d0
σd0
2 +  zfit0 − z0
σz0
2 , (3)
and the details can be found in [5]. The variables with a super-
script “fit” are fitted variables, which incorporate the neutrino
4-momenta that need to be determined by minimizing Eq. 2.
The 3-prong mode is special since each track contributes a con-
straint as Eq. 3. Minimizing their sum can directly give the
flight direction of the tau lepton4. Figure 1 shows the difference
4The impact parameters of each track gives one constraint, and three con-
straints are sufficient to determine the tau flight direction which has two un-
knowns.
between the fitted and true tau flight directions (pseudorapidity
η in top panel and azimuthal angle φ in bottom panel) before its
decay. For the 3-prong mode, tau flight direction (ητ, φτ) is first
obtained by minimizing
∑3
i=1 χ
2
Imp,i, and a new term of the form
χ2Imp =
(
ηfitτ − ητ
ση
)2
+
(
φfitτ − φτ
σφ
)2
, (4)
where ση = σφ = 0.007 based on the results in Fig. 1, re-
places the sum of χ2Imp,i in the last term of Eq. 2 in the per-event
minimization.
For the final states with an intermediate ρmeson, extra terms,(
mρ − 0.775
0.2
)2
+
(
fpi0 − 1
0.15
)2
, (5)
where fpi0 is the energy scale factor applied on the pi0 4-
momentum, are added to Eq. 2. This term reflects the additional
uncertainty due to the neutral cluster resolution.
In the per-event minimization of Eq. 2, the ηfitν and φ
fit
ν of one
neutrino are first scanned over, from which the magnitudes of
the neutrinos’ momenta and the direction of the other neutrino
can be obtained via the tau mass and /Ex,y constraints in Eq. 2.
Conversely, the scan is repeated starting from the parameters
of the other neutrino. After a coarse global minimum is found
by the scan, a fit using MINUIT [42] is performed around this
minimum point for a better estimation.
With the Higgs mass constraint term in Eq. 2, the background
ditau mass is also biased to the nominal Higgs mass at 125 GeV.
To select a pure signal sample and extract the CP information,
a two-step procedure is adopted.
1. In the first step, the fit is done without the Higgs mass
constraint term in Eq. 2. The distribution of unconstrained
mττ is shown in Fig. 2 and will be used to select events.
2. In the second step, after the selection cuts in Sec. 2.3,
the Higgs mass constraint term is put back in Eq. 2, and
the fit is done to extract the neutrinos’ information with
higher precision. The ∆R and momentum ratio between
the fitted and true neutrinos in the a1 +pi channel are shown
in Fig. 3. It is seen that good neutrino direction can be
obtained, and the resolution for the neutrino momentum
magnitude is about 8 GeV. Other channels have similar
precisions and are not shown here.
2.3. Event selections
Following cuts [25, 26, 43] are used to select reconstructed
events to achieve better signal to background ratio:
Tau cuts The tau candidate should have one or three tracks
with a unit charge. The leading track has pT > 5 GeV.
For the 3-prong tau, pT > 2 GeV on the other tracks. The
two taus have opposite charge, and are within |η| < 2.5. To
take into account the trigger, pT > 40, 30 GeV are required
on the two taus. They should also have |∆φ| < 2.9 to avoid
the back-to-back topology.
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Figure 2: The expected unconstrained mττ distribution with 300 fb−1 after the
VBF cuts with all channels combined.
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Figure 3: The ∆R and difference between fitted and true neutrino momenta from
the hadronic tau decays in the a1ν+piν channel. The rightmost bins in all plots
and the leftmost bins in the right-column plots indicate the overflows.
VBF Cut p j1T > 50 GeV, p
j2
T > 40 GeV,|∆η j j| > 3.8, m j j > 500 GeV, η j1 × η j2 < 0,
Tau Centrality min
{
η j1 , η j2
}
< ητ1,2 < max
{
η j1 , η j2
}
,
Higgs Mass 115 GeV < mττ < 150 GeV,
Missing Energy /Eproj − pfitT,ν1+ν2 > −6 GeV,
where j1 and j2 are the leading and subleading jets, mττ is the
unconstrained mass mentioned above, /Eproj is the projection of
/ET onto the transverse direction of the vectorial sum of two
neutrinos’ fitted momenta, pfitT,ν1+ν2 . This variable is useful be-
cause for the Z → ττ events, the fitted neutrino momenta are
Table 1: The expected event yields for signal (in total and also in each decay
mode) and background processes left after all selection cuts at the LHC with
300 fb−1 luminosity. The QCD background yield is simply assumed to be sim-
ilar to the QCD Zττ process.
Process Signal Z → ττ Z → ττ(EW) QCD
Events 131.2 96.4 9.4 96.4
ρ + ρ 45.5 30.0 3.0 30.0
a1 + ρ 30.3 25.8 1.5 25.8
pi + ρ 33.6 24.7 2.7 24.7
a1 + pi 11.6 8.2 1.5 8.2
pi + pi 5.4 5.2 0.5 5.2
a1 + a1 4.8 2.5 0.2 2.5
stretched to comply to the Higgs mass constraint, resulting in a
larger pfitT,ν1+ν2 than /Eproj.
Based on the above reconstruction and selection, the ex-
pected event yields at 300 fb−1 LHC are listed in Tab. 1 for
signal and background processes, from which one finds that
the most important modes are those involving the ρ meson. It
should be noted that a Multi-Variate-Analysis of the search may
give better signal sensitivity than the cuts proposed here, but it
is beyond the scope of the current work.
3. Matrix Element based analysis and results
With fully reconstructed momentum for all final states, the
calculation of the matrix element event by event is possible,
which according to our parameterization (Eq. 1) has the follow-
ing form:
|M|2 ∝ A + B cos 2φ +C sin 2φ (6)
where A, B and C are calculated based on Eq. 1 and the effec-
tive Lagrangians and form factors for the τ decay vertices de-
tailed in [44], which depends on the momenta of all final state
particles (up to a common normalization factor):
A = 2(k− · p−)(k+ · p−) − p2−(k− · k+) + (p− ↔ p+)
B = 2(gµρgνσ + gµσgνρ − gµνgρσ)kµ−kν+pρ−pσ+
C = 2µνρσk
µ
−k
ν
+p
ρ
−p
σ
+ (7)
where p± are the momenta of τ± and k± are defined as k
µ
± ≡
2(J± · pν± )Jµ± − J2±pν± , where Jµ± are the currents coupled to the
τ − ντ fermion line:
Jµ±(τ
± → pi±ν) = pµpi±
Jµ±(τ
± → pi±pi0ν) = pµpi± − pµpi0 (8)
Jµ±(τ
± → pi±1pi±2pi∓3 ν) = F13(qµ1 − qµ3 −G13Qµ) + (1↔ 2)
where Qµ = qµ1 + q
µ
2 + q
µ
3, G
i3 =
Q·(qi−q3)
Q2 and F
i3 are the form
factors for a1 channel [44].
From the coefficients B andC, an observable (−pi < φME < pi)
can be constructed to retrieve the CP information (φ):
cos(φME) =
B√
B2 +C2
, sin(φME) =
C√
B2 +C2
(9)
With this definition, the matrix element square has the form of:
|M|2 ∝ A +
√
B2 +C2 cos(φME − 2φ) (10)
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Figure 4: The distribution of the angle φME in truth and after the fit for the
a1ν + piν channel in the pure CP even h→ ττ signal.
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Figure 5: The expected distribution of φME for signal process only at the 13 TeV
300 fb−1 LHC after all selection cuts for three different choices of CP mixing
angle φ: 0.0 (black line), 0.64 (red line) and 1.57 (blue line).
Fig. 4 shows the true and fitted distribution of the angle φME
for the a1 + pi channel in the pure CP even case. Although
the distribution is diluted after the fitting when compared to the
truth, the discriminating power is still largely retained.
The distribution of φME for signal will be shifted according to
different value of CP mixing angle φ, which can be seen from
Fig. 5, and the backgrounds have flat distributions (subject to
statistical fluctuation). Note that since we have used all final
states information (especially the neutrino momentum recon-
structed in our method) incorporated into the matrix element to
reconstruct an “angle” and retrieve the CP mixing information,
compared with usual construction methods (one example is that
used in [4] and will be named as φ4pi), this can achieve higher
sensitivity. After folding in the detector efficiency and reso-
lution effects, and imposing the selection cuts described pre-
viously, the comparison can be seen from Fig. 6(a) for ρ + ρ
mode using φ4pi as an example. The y-axis represents the differ-
ence in the Negative-Log-Likelihoods (NLL) calculated from
the pseudo-data with φ = 0, and theoretical predictions with
various values of φ. The minimum NLL with φ = 0 hypothesis
is subtracted, and the horizontal ∆NLL=0.5 (2.0) line indicates
the 1σ (2σ) confidence interval on the φmeasurement (between
intersection points with the ∆NLL curves).
The result combining all decay channels listed above is pre-
sented in Fig. 6(b) for 300 fb−1 (solid line) and also 3 ab−1
(dashed line) luminosity. The 1-σ precision at 300 fb−1 can
reach 15.5◦ (0.27 rad.) and can further be pushed down to 5.2◦
(0.09 rad.) at 3 ab−1.
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Figure 6: The ∆NLL as a function of the CP mixing angle φ for 300 fb−1(solid
line) and 3 ab−1(dashed line). In Panel (a) only ρ+ρ mode is used and the NLL
is calculated from the expected zero-CP events in φME distributions (black line),
and also in φ4pi distributions (red line) from reconstructed information. The two
horizontal dashed lines in red indicate the 1σ and 2σ confidence intervals for
the φ measurement. In Panel (b), all tau decay channels are used and the NLL
is calculated from the expected zero-CP events in φME distributions calculated
from reconstructed information. The horizontal dashed lines in red indicates
the 1σ confidence interval for the φ measurement.
The CP-violation phase φ in the hττ coupling can also induce
electric dipole momentum (EDM) for the electron or muon
(two-loop Bar-Zee diagrams), and tau lepton (one-loop Higgs
diagram), as shown in Fig. 7. Explicitly,
d1-loopτ = −emτy
2
τ sin 2φ
16pi2
∫ 1
0
dx
x2
m2τx2 + m
2
h(1 − x)
, (11)
and for the two-loop diagrams, the formulas in [45] are used.
5
µe/ µe/
γ
h γ
τ
/Z
τ τ
h
γ
Figure 7: The Feynman diagrams mediated by the 2-loop Bar-Zee process with
τ lepton involved for the electron or muon EDM (top), and by the 1-loop Higgs
scalar process for the tau EDM (bottom).
Electron and muon EDMs have already been measured to high
precision, which can put stringent limit on the CP phase (φ).
However, if we assume that this CP phase only appears in hττ
coupling, the EDM measurement is less sensitive than the di-
rectly detection which is shown in Fig. 8, where the solid lines
are the lepton EDM induced by CP violating hττ coupling for
electron (black), muon (blue) and tau (red) respectively. The
dashed lines are the corresponding upper limits from EDM
measurement [46, 47], and the vertical gray dashed lines are
the precision from direct measurement for 300 fb−1 and 3 ab−1
respectively. It is clear that, unless there is other CP violation
physics going into the loops, the indirect detection of the CP vi-
olation effect in the tau sector from EDM measurements is not
as sensitive as the direct search, even from the most precisely
measured electron EDM5.
4. Conclusion
In conclusion, a new method is described in this paper to
approximately reconstruct the neutrinos from the tau decays in
the hττ interaction with high precision at the LHC. The recon-
structed neutrinos are used as inputs to the matrix element cal-
culation which can be used to detect the CP-violation effect in
the hττ interaction. Under this framework, all major hadronic
tau decay modes are included, and the VBF production region
of the H → ττ process is used, which has a much better signal
purity than the gluon-gluon-fusion production process of Higgs.
With detailed detector simulation, it is predicted that at 13 TeV
LHC with 300 fb−1 (3 ab−1) integrated luminosity, a precision
up to 15.5◦ (5.2◦) can be achieved for the CP-mixing angle (φ)
5It is assumed that only hττ coupling contributes to the electron EDM in the
Bar-Zee loops. If other couplings, e.g. htt, also contribute, then there can be
cancellation among them, such that the combined EDM effect complies with
the experiment.
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Figure 8: The constraints from lepton EDM measurement. The solid lines are
the corresponding EDM (black: electron, blue: muon, red: tau) induced by CP
violating hττ coupling. The dashed lines are the corresponding upper limits
from EDM measurement. The vertical gray dashed lines are the precision from
direct measurements at LHC (for 300 fb−1 and 3 ab−1).
measurement, significantly improving previous predictions us-
ing only particular tau decay modes and/or partial event recon-
structions. This result will provide a much more precise mea-
surement of CP-violation effect in the hττ coupling, which out-
performs the sensitivity from lepton EDM searches up to date
significantly.
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